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Melanin synthesis of follicular melanocytes is strictly cou-
pled to the growth stage of the hair cycle (anagen), ceases 
during follicle regression (catagen), and is absent throughout 
the resting stage (telogen). Having previously characterized 
the expression and activity of melanogenesis-related proteins 
during the telogen-anagen transition of the murine hair cycle 
aID 96:172,1991), we here report a biophysical and bio-
chemical analysis of follicular melanogenesis during the ana-
gen-catagen-telogen transformation of the C57 BL-6 mouse 
hair cycle. Tyrosinase activity and concentration as well as 
dopachrome tautomerase activity were compared with mela-
nin synthesis, as measured by electron paramagnetic reso-
nance spectroscopy (EPR). The visible changes in skin color 
and the histologically appreciable switch-off of melanin for-
mation during the anagen-catagen transformation were ac-
companied by a steep decline in 1) the melanin-associated 
EPR signal of full-thickness mouse skin, 2) tyrosinase and 
dopachrome tautomerase activities, and 3) the skin concen-
tration of 80 - 85-kD melanogenesis related protein and 66-
68-kD tyrosinase protein. Telogen skin displayed a mini-
H air follicles display a cyclic growth activity that is driven by an unknown "biologic clock" located in the skin itself and is characterized by three develop-mental stages: resting (telogen), growth (anagen), and regression (catagen) [1-3]. Hair pigmentation 
results from melanin synthesis and transferral by follicular melano-
cytes to pre cortical hair matrix keratinocytes, and is strictly coupled 
to the anagen stage of the hair cycle [4,5]. Melanogenesis is switched 
off as one of the earliest signs of catagen induction, and is absent 
throughout telogen (cf. [4,5]). Though the sequence of morpho-
logic and ultrastructural pigmentation events during the various 
hair cycle stages has been characterized in some detail [5-9], the 
regulation of hair pigmentation remains basically unknown. Yet, it 
is of great interest to dissect it, because hair pigmentation is a fasci-
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mum of the EPR amplitude as well as of tyrosinase and do-
pachrome tautomerase activity detected. By EPR, only eu-
melanin was identified during all hair cycle stages. The grad-
ual switch-off of melanogenesis during anagen VI started 
with an unexpectedly early decline of the EPR melanin sig-
nal, followed by dopachrome tautomerase activity and the 
concentration of 80 - 85-kD melanogenesis related protein. 
The initiation of catagen was characterized by a significant 
and rapid decrease in activity and concentration of tyrosinase, 
and was accompanied by a second drop in dopachrome tauto-
me rase activity. Together, these biochemical and biophysical 
parameters of follicular melanogenesis serve as novel and 
differential markers for the imminent termination of anagen 
and the development of catagen. They also show that the 
switch-off of melanogenesis during the anagen-catagen-te-
logen transition is a stochastic process commencing already 
in mid anagen VI. Key words: tyrosinase/dopachrome tautomer-
ase/EPR/melanin/hair Jollicle/rnelanocytes. ] Invest Dermatol 
102:862-869, 1994 
nating model for the study of tightly coordinated epithelial-mesen-
chymal-neuroectodermal interactions under physiologic circum-
stances [5,10]. 
One important step in the analysis of the molecular control of 
hair pigmentation regards its biochemical and biophysical charac-
teristics, namely, the activity of the key enzymes of melanogenesis. 
Due to their high degree of hair- cycle synchrony, murine hair 
follicles have proved to be a particularly useful study material in this 
context, and previous work in this system has provided insights into 
the enzymatic machinery initiating and controlling melanogenesis 
during the telogen-anagen transition [6,10-12]. For example, 
studying depilation-induced hair growth in the C 57 BL-6 mouse 
[13,14], we have previously characterized the differential expres-
sion and activity of melanogenesis-related proteins (MRP) during 
telogen and anagen 1-VI [10]. However, the follicle transformation 
from late anagen via catagen back to telogen has remained largely 
unscrutinized with respect to its underlying biochemical features of 
melanogenesis, even though this transition is characterized by strik-
ing changes in melanocyte activities. The retraction of melanocytes 
dendrites, switch-off of melanogenesis, and histologic "disappear-
ance" of melanocytes are among the very earliest indicators of cata-
gen development (cf. [4- 7]). Thus, the biochemical characteriza-
tion of melanogenesis during the anagen-catagen transformation 
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also promises to generate novel, so far unavailable biochemical 
markers of catagen induction that could become an important tool 
for hair research . 
J n the mammalian system, two main types of melanin are pro-
duced: (black and brown) eumelanin and (yellow and red) pheome-
lanin [15]. Both biopolymers differ in their chemical composition, 
structure, and physical properties [15 - 18]. For example, eumelanin 
is characterized by the presence of paramagnetic centers of semi-
quinone type, whereas pheomelanin c~ntains additional s~miquiI~­
oirnine centers [15,17,18]. The synthesIs of both types of pIgment IS 
ini tiated with the enzymatic hydroxylation of L-tyrosine to L-
DOPA and the oxidation of L-DOPA to DOPAquinone by tyro-
sinase [19,20]. Eumelanogenesis begins with a transformati?n of 
DOPAquinone to leukodopachrome that is followed by SerIes of 
oxido-reduction reactions catalyzed by postDOPA oxidase regula-
tors [21,22]. The best characterized postDOPA regulator of eume-
lanogenesis is dopachrome tautomerase [21,23-25], a product of 
the TRP-2 gene [26]. This enzyme transforms DOPAchrome to 
5,6-dihydroxyindole carboxylic acid (DHICA). The growing list of 
other potential regulators of eumelanogenesis includes DHICA 
conversion factor [21,27], b locus protein [28] and a product ofPmel 
17 gene [29] . The second pathway, pheomelanogenesis, b~gins 
with conjugation of DOPAquinone with cysteine or glutathIone, 
yielding cysteinylDOPA and glutathionylDOPA, which are trans-
formed through series of chemical reactions into reddish-yellow 
pigment, pheomelanin [15,16]. ., 
In this study we have assesed the paramagnetIc propertIes of mel-
anin during the anagen-catagen-telogen transformation of the depi-
lation-induced C 57 BL-6 hair cycle by electron paramagnetic reso-
nance specttoscopy (EPR). This was complemented by analyzing 
the concentration and activity of melanogenesis-related enzymes 
(tyrosinase, dopachrome tautomerase). These parameters were 
correlated with the visible changes in follicle pigmentation and 
morphology during hair follicle regression. 
It is important to keep in mind that in this mouse model all 
truncal skin melanocytes are confined to the hair follicle so that hair 
cycle - dependent fluctuations of melanin and MRP detected in ful~­
thickness skin exclusively reflect intrafollicular melanogenesIs 
[1 ,8,10,13]. Hair follicle development between telogen and anagen 
VI after anagen induction by depilation is highly synchronized and 
homogeneous. It differs from spontaneous anagen development in 
that some elements of a wounding response to the depilation must 
be taken into account during early induced anagen [10,30]. How-
ever, the transition from anagen VI -- catagen 1- VIn -- telogen in 
anagen-induced animals occurs spontaneously about 17 - 20 dafter 
depilation [31 r so that wound-healing artefacts are no serious con-
cern during this cycle stage. Thus, the spontaneous catagen and 
telogen development in this model should be consistent with the 
physiologic anagen-catagen-telogen transformation. 
MATERIALS AND METHODS 
An.iInals and Tissue Source Back skin from untreated, 6-S week old 
female C57 BL-6 mice from Charles River (Hannover, FRG, and Toconac, 
NY) and from the Animal Breeding Facility at the Silesian Medical Acad-
emy (Katowice, Poland) with all back skin hair follicles in telogen or in 
various well-defined stages of the depilation-induced hair cycle was used. 
Anagen induction by depilation, skin harvesting, and skin preparation were 
done following the previously described methods [10,13,14]. The skm of 
anit:nals, sacrificed by cervical dislocation under anesthesia, was carefully 
shaved to the level of the stratum corneum, frozen in liquid nitrogen, and 
stored at -SO· C until assayed. Representative tissue samples from all hair-
cycle stages under study were photographed, fixed in 5% buffered formalde-
hyde, and processed for routine histology (PAS stain). 
Melanin content Relative melanin content in the skin was measured 
using the EPR method descibed before [32-34], which is based on the 
assumption that the ionic composition and pH of the sample remain con-
stant. Briefly, frozen skin samples (0.2 - 0.33g) of the same geometry (length 
20 - 25 mm, diameter 4 mm) were placed into quartz insertion dewar con-
taining liquid nitrogen and were inserted into the resonant cavity TE-l 02 of 
the X-band EPR spectrometer produced by Varian, operating with a 100-
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kHz modulation. For quantitative analyses, spectra of each sample were 
registered three times using standard parameters of assays:constant magnetic 
field (32S.0 ± 25.0 mT), modulation amplitude (0.5 mT), microwave 
power (16 mW), microwave frequency (9.22 GHz), time constant (0.3 
seconds), temperature (77 K). To analyze the shape of spectra, microwave 
power of 1.0 m W with amplitude modulation of 0.1 mT was used. As a free 
radical standard DPPH (1,1-diphenyl-2-picrylhydrazyl) was used (g = 
2.0037 ± 0.0002). Skin from three to four animals was used per assay point 
and a relative amplitude signal was calculated per 0.33 g (weight of the 
largest sample used for assays). Relative melanin content was defined as the 
mean ± SEM from three or four amplitudes (mm) ofEPR signal per 0.33 g of 
muri ne skin. 
Preparation of Tissue Extracts Frozen murine skin samples from three 
animals per data point were pulverized in liquid nitrogen with the help of a 
mortar to be homogenized in lysis buffer (0.1 M sodium phosphate buffer, 
pH 6.8,1 % Triton X-l00, 1 mM phenylmethylsulfoxide, and 0.01 % apro-
tinin). The homogenates were centrifuged at 15,000 Xg for 30 min at 4 · C, 
supernatants were a.liquoted, stored frozen at-SO·C, and used after thawing 
for all biochemical and molecular assays. The protein content of the extracts 
was measured with a Bio-Rad protein assay kit. Bovine serum albumin 
(Sigma) was used as standard. For comparison with EPR melanin measure-
ments, the visible pigmentation status and quantity of the pigmented pellets 
of extracts prepared from all the different hair cycle stages were compared 
with each other as previously shown [10]. 
Tyrosine Hydroxylase Activity of Tyrosinase Extracts were assayed 
by the method of Pomerantz [35] , with 0.5 J.lCi of3H-L-tyrosine (55.7 Ci/ 
mmol, New England Nuclear) plus 100 J1.M of unlabeled L-tyrosine, and 
100 J.lM L-DOPA as cofactor, in 0.1 M sodium phosphate bulfer, pH 6.S, at 
37·C for 1 h as previously described [10,36]. Tyrosine hydrox)'lase activity 
was expressed in cpm of tritiated water produced per 1 mg protein during 1 h 
of incubation, and was represented as mean ± SEM from five assays. 
Dopachrome Tautomerase Activity Dopachrome tautomerase activity 
was assayed spectrophotometrically by adding enzyme solution (50 J.lg pro-
tein) .to 0.5 ml solution of freshly prepared DOPAchrome as previously 
descnbed [23)' DOPAchrome was synthesized by mixing ice cold L-DOPA 
(0.y5 mg/ml in 0.1 M sodium phosphate buffer, pH 6.8) with solid Ag20 at ra~lO 30 mg Ag20 per 1 mg L-DOPA for 1 min and then filtering the 
nl1xture tw1ce through Gelman Acrodisc Filters (#4192, 0.2 J.lm diameter 
pore): Reactions were carrie~ out at room temperature in plastic cuvetts, and 
the. d.lsappea:ance of absorptIOn at 475 nm was followed. Because tyrosinase 
actiVIty can mterfere with the assay, phenylthiourea (1 mM), which previ-
ously was s~lOwn to ~1ave no effect on dopachrome tautomerase activity but 
to ~ully mhlbtt tyrosmase activity [23], was included in all assays. For calcu-
latmg the amount of dopachrome utilized, the value of 3.7 X 10' was 
adopted as a molar extinction coefficient of DOPAchrome at 475 nm. The 
activity was expressed in J.lmoles of DOPAchrome utilized per mg of pro-
tem, and was represented as mean ± SEM from four assays. 
Sodium Dodecylsulf.'lte-Polyacrylamide Gel Electrophoresis 
(SDS-PAGE) Extracts were suspended in loading buffer (0.063 M Tris, 
pH 6.S, 10% glycerol, 1 % SDS, 0.001 % bromophenol blue), and proteins 
(100 J.lg per lane) were separated e1ectrophoretically in gels containing SDS 
(0.1 %), acrylamlde (S%), and BIS (0.2%) under nonreducing conditions, 
accord1l1g to a nondenaturating modification of the method of Laemmli 
[10]. 
Immunoblotting For Western blot analysis and enzymatic stain, the 
electrophoretically separated protein samples and prestained high -
molecular-weIght markers were blotted from PAG onto Zeta Probe Blotting 
membranes (Bio-Rad). After blocking with 10% milk in 20 mM Tris, 0.5 M 
NaCI, pH 7.5 (Tris-buffered saline, TBS), the membranes were washed in 
TBS plus .0.05% T~een 20 plus 1 % BSA (TTBS), and probed with poly-
clonal antibodies agamst tyrosinase (1 :200 dilution; gift of Dr. S. Pomerantz 
[36,37]), or nonimmune rabbit serum, iu TTBS overnight with continuous 
shaking~ After washing with TTBS, the membranes were incubated with 
goat anti-rabbit antibody conjugated to horseradish peroxidase (Biochemical 
Research Laboratory) (1 :500 dilution) for 4 h. After washing with TBS, the 
Immune complexes were visualized by staining for peroxidase activity, with 
diaminobenzidine (DAB, Sigma) and H20 2 as substrates [10]. Two indepen-
dent immunodetections were performed. 
DOPA-Oxidase Activity of Tyrosinase For the identification of tyro-
sinase by its DOPA-oxidase activity, the nylon membranes with blotted 
proteins (see above) were washed with phosphate-buffered salin (PBS) and 
stained with 5 mM L-DOPA in phosphate buffer (0.1 M, pH 6.S) at 37 · C 
[10]. After several changes of DOPA solutiuon the reaction was terminated 
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Figure 1. Histologic and macroscopic aspects of hair-cycle-dependent pigmentation during the anagen-catagen-telogen transformation. PAS stains of 
murine skin at different days (d) after depillation, which correspond to different hair cycle stages defined according to Chase [1] and Straile et at [31] are in a -f 
a) anagen VI, d16; b) catagen II, d18; e) catagen IV, d18; d) catagen VII, d19; e) catagen VIII , d19; f) telogen, d25 . Bar, 20 !1m. g) macroscopic appearance of 
shaved back skin used for the histologic preparations shown in a - f Note the decreasing skin color tram day 16 to 25, indicating the "switch-off" of follicular 
melanogenesis during the anagen-catagen transformation of the follicle. Days after anagen induction: 16, 17, 18, 19, 25. 
by washing of membranes in destilled water and membranes were photo-
graphed. Three independent DOPA-oxidase stains were performed. 
Statitistics Statistical analyses were performed by general analysis of var-
iance with probabilities of main effects (p values) calculated by Newman-
Keuls and LSD post-Iloe tests using STATISTICA software (Statsoft, Tulsa, 
OK). Differences were considered significant when p < 0.05. 
RESULTS 
Figure 1 depicts the characteristic morphologic and pigmentary 
changes associated with the transformation of mature anagen VI 
follicles (Fig 1a) via different developmental stages of catagen (Fig 
Ib-e) into a telogen follicle (Fig IJ), as it has previously been de-
scribed and analyzed in great detail for the C 57 BL-6 mouse by 
Straile et at [31] (for other rodent and for human hair follicles cf. 
[4-7,9,38]). As shown, very early in catage,l it can be appreciated 
even at low magnification that the melanogenic zone in the hair 
bulb narrows and retracts distally, reflecting the cessation of mela-
nogenesis and the "disappearance" of microscopically detectable 
mature melanocytes. Shortly therafter, the characteristic catagen-
associated changes in the architecture of the entire proximal hair 
follicle develop, usually within 24 - 48 h [31]. Macroscopically, this 
is accompanied by successive changes in the back skin color (Fig 19), 
from a homogeneous black (anagen VI) via grey (catagen) to pink 
(telogen). Changes in pigmentation of pellets remaining after skin 
extract preparation also demonstrated progressive diminution of the 
black color with progressing catagen transformation (not shown). 
VOL. 102, NO.6 JUNE 1994 
DPPH 
DOI'A-MELANIN 
CYSTEINYLDOPA-MELANIN 
Figure 2. EPR spectr~m of melanized murine skin (anagcn VI) in relation 
to eu- and pheomelamn. The EPR spectrum of mclamzed munne skm has 
the same characteristics as synthetic eumelanin (DOPA-melanin) and differs 
from synthetic (cysteinyIDOPA-melanin) and natural (hair of yellow gerbil) 
pheomelanin by a lack of hyperhne structure of which lowfield component 
is marked by the arrow (representative samples shown). Assay parameters: 
microwavc power (1m W), modulation amplitude (0.5 mT), magnetic field 
(328.0 mT), microwave frequency (9.22 GHz), amplification (8 X 10' - 5 X 
105), temperature (77 ' K). 
The EPR spectra of melanin pigment synthesized in C 57 BL-6 
skin during all the hair cycle stages studied are presented in Figs 2 
and 3a. Figure 2 shows a representative EPR spectrum of anagen VI 
skin, compared to spectra of synthetic eumelanin (DOPA-melanin), 
synthetic pheomelanin (cysteinyIDOPA-melanin), and natural 
pheomelanin (hair of yellow gerbil). The EPR spectrum of munne 
skin presents as a slightly asymmetric singlet with 0.57 ± 0.02 mT 
width that is placed around g = 2.0037. This singlet corresponds to 
DPPH as a free radical standard, and has the same shape as DOPA-
melanin (Fig 2) and the same characteristics during all hair-cycle 
stages (Fig 3a). In contrast, spectra of synthetic and natural pheome-
lanin contain a hyperfine structure connected with the localization 
of unpaired electron near the nucleus of 14N [17,18] whose low-
field component is marked by the arrow (Fig 2). Natural and syn-
thetic pheomelanin, or copolymers composed of eu- and pheome-
lanin, display such characteristics, which do not exist in natural and 
synthetic eumelanin [17,18] (cf. Figs 2 and 3). Therefore, the mela-
nin species generated by C57 BL-6 mouse follicular melanocytes, as 
detectable by EPR spectroscopy, is identified as eumelanin. 
Because it has been demonstrated that in pigmented tissue or cells 
the amplitude of the EPR signal is directly proportional to the 
melanization level [32 - 34,39], we have used relative changes in the 
EPR signal amplitude as a marker of cutaneous melanogenesis. The 
relative changes in eumelanin formation in full-thickness murine 
skin in different stages of the hair cycle, defined as changes of the 
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EPR signal amplitude, are shown in Fig 3. A very weak free-radical 
signal Uust around the level of detectability) was seen in telogen and 
anagen III (day 3 after anagen induction) (Fig 3b), providing that a 
higher gain of the amplifier was applied. This signal increased in 
strength only with the development of anagen IV (day 5 after ana-
gen induction) (Fig 3a). By mid anagen VI (days 10-12), the EPR 
signal had become maximal, whereas it decreased substantially in 
late anagen VI (day 16), reaching very low levels in catagen (days 
18-21). When this was quantified (Fig 3c), unexpectedly a decline 
in the EPR signal amplitude well before the visible or histologically 
appreciable decline in melanin content became apparent. This sig-
nificant decline (p < 0.05) in the melanin-associated EPR signal 
commenced as early as on day 14 after anagen induction, i.e., at a 
time when there is still ongoing hair-shaft pigmentation. 
The changes in ryrosine hydroxylase activity of tyrosinase and in 
dopachrome tautomerase activity are presented in Figures 4 and 5. 
As previously shown in this model [10], tyrosinase activity rapidly 
increased from a baseline level during telogen to a plateau during 
anagen VI (days 12-17 after anagen induction). Subsequently, it 
decreased steeply, approaching telogen levels in skin containing 
predominantly catagen follicles (day 19) (Fig 4). Changes in do-
pachrome tautomerase activity were less dramatic than those of 
tyrosinase activity. Yet, the pattern was similar and significantly 
hair-cycle - dependent fluctuations in dopachrome tautomerase ac-
tivity were detected (Fig 5). Dopachrome tautomerase activity 
steadily increased during anagen I - VI, reaching a peak on day 12. 
Dopachrome tautomerase reached a plateau during mid and late 
anagen VI (days 14-17), after having declined from peak levels 
(p < 0.05) during mid anagen VI (day 14). With catagen develop-
ment, dopachrome tautomerase activity decreased sharply, ap-
proaching telogenlevels at the end of catagen (day 21) (Fig 5). 
Figure 6 shows hair-cycle-dependent changes in the concentra-
tion of melanogenesis-related proteins (MRPs) during the anagen-
catagen transition as detected by Pomerantz's anti-tyrosinase 
antibody, but not by nonimmune serum (not shown). The con-
centration of catalytically active tyrosinase protein of 66 - 68 kD, as 
detected by anti-tyrosinase antibody and DOPA oxidase stain, were 
steady throughout the entire anagen VI phase (days 12-17). They 
decreased rapidly during early catagen (day 19) and became unde-
tectable in skin containing predominantly catagen and telogen fol-
licles (day 20) (Fig 6). The concentration ofMRP of80-85 kD was 
high during anagen VI (days 12 and 14), but gradually decreased 
during late anagen VI (days 16 and 17) to become undetectable 
during the catagen-telogen transformation (days 19 and 20) (Fig 6). 
The 80 - 85-kD MRP detected by Pomerantz's anti-tyrosinase anti-
body has been defi~ed as a pigmentation-specific MRP distinct fro.m 
tyrosll1ase because It was found to be DOPA oxidase-negative, and 
because its intracellular concentration correlated positively with the 
melanization level of melanoma cells [36]. 
DISCUSSION 
Previously, we have characterized the changes in tyrosinase expres-
sion and activity associated with the induced development of ana-
gen I - VI in murine skin [10]. In the present paper, using comple-
mentary biophysical and biochemical methods, we analyzed how 
melanogenesis changes when induced anagen follicles spontane-
ously switch-on catagen and ultimately re-enter telogen. As ex-
pected, melanogenesis and the activity of tyrosinase and do-
pachrome tautomerase increased rapidly during anagen I - V and 
reached highest levels during anagen VI. The development of cata-
gen and re-entry into telogen was preceded by a gradual decrease in 
new melanin formation (Fig 3a,b) and a stepwise drop in do-
pachrome tautomerase activity (Fig 4) in mid anagen VI. This was 
accompanied by a rapid decline in tyrosinase as well as dopachrome 
tautomerase activity (Fig 4,5) and by the disappearance ofimmul1o-
detectable tyrosinase and 80- 85-kD MRP (Fig 6a,b). 
The present demonstration by EPR technique of eumelanin pro-
duction in C57 BL-6 mice skin is in agreement with high-perfor-
mance liquid chromatography (HPLC) data by Ito and Fujita [40], 
showing exclusive eumelanin production in C 57 BL-6 mouse. In 
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Figure 3. Changes in the eumelanin-associated EPR amplitude of murine skin during the induced murine hair cycle. a) Representative EPR spectra of murine 
skin during anagen development. Back skin was shaven, frozen in liquid nitrogen and used for EPR spectroscopy under the following recording parameters: 
microwave power (1 mW), modulation amplitude (5 mT), magnetic field (328.0 mT), microwave frequency (9.22 GHz), amplification (1.5 X 105), 
temperature (77"K). b) EPR spectrum of murine skin at 3rd day after anagen induction. A weak free radical signal is detectable at a higher amplification (2 X 
105), and microwave power (16 mW). The EPR spectra of other stages had to be recorded at lower gain to make the signal amplitude comparable. c) 
Quantitative analysis of EPR melanin signals during different hair-cycle stages. Each point represent the mean of shaved skin from three to four animals ± 
SEM. Relative melanin concentration is defined as an amplitude (mm) of EPR signal per 0.33 g of murine skin. Parameters of assay: microwave power (16 
mW), modulation amplitude (0.5 mT), magnetic field (328.0 mT), microwave frequency (9.22 GHz), amplification (2 X 105), temperature (77'K). 
addition, it shows that, within the limits of EPR sensitivity, the 
generation of melanin species in this mouse strain is uniform during 
the entire hair cycle. The weak EPR signal detectable during telo-
gen and catagen most likely was due to previously synthesized mel-
anin trapped in the hair shafts remaining after shaving, whereas the 
weak signal during anagen III may originate from mitochondrial 
respiration. This putative metabolic signal becomes undetectable at 
a lower amplifier gain (cf. Fig 3a). Note, melanin-containing mela-
nocytes are absent in hair follicles during telogen, anagen I - III 
[4-7,10] and catagen [5,7,31,38]. 
Although the EPR signal in full-thickness skin paralleled the 
pattern of tyrosinase and dopachrome tautomerase activities, during 
anagen 1-V, surprisingly, the EPR signal declined distinctly before 
the end of anagen VI and before pigmentation changes became 
visible or notable by histology. In contrast, the decrease in tyrosinase 
activity largely corresponded to the visible and histologically appre-
ciable changes in hair pigmentation. Because the pigmented hair 
shafts of all examined skin samples were shaved to the same length 
and do not begin their spontaneous upwards movement until cata-
gen has developed [31] , the unexpectedly early decline in the EPR 
amplitude during anagen VI cannot reflect extrusion of melanin 
from the skin. In addition to paramagnetic centers in the melanin 
biopolymer itself, the EPR signal reflects the concentration of 
newly formed semiquinone intermediates of melanogenesis 
[18,32,33,41]. Thus, the gradual decline in EPR signal during ana-
gen VI may be due to a decline in melanogenesis, an assumption 
supported by the significant concomitant decline in dopachrome 
tautomerase activity (p < 0.05) seen on day 14 (Figs 3c and 5). 
However, so called "magnetic reactions of melanins" [33,42] 
may also be responsible for this early decrease in the EPR amplitude. 
The interaction of diamagnetic ions such as Zn++ can increase, 
whereas paramagnetic ions such as Curt and Fe+++ can decrease the 
EPR signal of melanin [34,42]. Similarly, acidic pH can decrease, 
whereas alkaline pH can increase the EPR signal [43]. A shift in the 
redox state within quinone units in melanin molecule is responsible 
for this effect [441. These magnetic reactions of melanins to ionic 
changes do not affect the reliability of quantitative EPR determina-
tions of melanin [32], since the levels of free metal ions and the pH 
producing these changes in melanins paramagnetism are far below 
or above the ones in physiologic specimens [34,42]. Therefore, the 
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Figure 4. Changes in tyro-
sine hydroxylase activity of 
tyrosinase during the in-
duced murine hair cycle. 
Tyrosinase activity was mea-
sured in tissue extracts by 
a modified Pomerantz's 
method [10,36]. The en-
zyme activity is expressed in 
cpm of tritriated water pro-
duced during 90 min incuba-
tion at 37°C per mg protein. 
Data represent the mean ± 
SEM from five assays. 
o 10 20 30 
DAY AFTER ANAGEN INDUCTION 
substantial changes in melanin paramagnetism reported for anagen 
VI most likely reflect a decline of actual melanin synthesis even 
before tyrosinase activity and expression decrease. 
Although the general pattern of activity and expression of MRPs 
and melanin content during anagen development correlate well (cf. 
Figs 3 - 6; cf. [1.0]), the precise time point when t~les~ parameters are 
switched off differs. For example, the first decline 111 dopachrome 
tautomerase activity in mid anagen VI is followed by a decrease in 
the concentration of pigmentation-specific 80 -85-kD MRP in late 
anagen VI, and is followed by a rapid drop in dopachrome tau to-
merase and tyrosinase activities during catagen. Thus, the stepwise 
decline in melanogenesis starts earlier then previously reported 
[6,7], approximately in mid anagen VI. Concerning the 80-85-kD 
MRP, this may represent Pme! 17 protein, because Pomerantz's 
anti-tyrosinase antibody was used to clone a pigmentation-specific 
Pmel 17 gene [29). 
Because the dramatic drop in dopachrome tautomerase and tyro-
sinase activities as well as in tyrosinase concentration occurred later 
(durir,tg catagen), we p~opose that the factors i.ndu.cing catagen als.o 
inhibit melanocyte activity, whereas the decl1l1e 111 melanogenesIs 
6.0 
5.0 
4.0 
3.0 
2.0 
during mid anagen may be related to the exhaustion of a signal 
system actively stimulating melanogenesis. The substantial changes 
in tyrosinase activity during the hair cycle compared with rather 
moderate fluctuation of dopachrome activity (cf. Figs 4 and 5) sug-
gests that tyrosinase is the main regulator of hair-cycle-dependent 
melanin synthesis. Therefore, it may be the primary target for local 
regulators of melanogenesis, whereas dopa chrome tautomerase 
could playa modulatory role. This is in line with the concept that 
tyrosinase is not only essential, but also the rate-limiting regulator 
of melanogenesis ill vivo [20), whereas postDOPA oxidase regula-
tors modulate the velocity of melanogenesis [20-22,27). 
In summary, in addition to their value as parameters for the study 
of hair pigmentation, a decrease in the EPR signal of melanin, in the 
immunodetectable signals of pigmentation-specific 80 - 85-kD 
MRP and of 66 - 68-kD tyrosinase protein as well as in the activities 
of dopachrome tautomerase and tyrosinase, all are useful, differen-
tial, and novel biophysical and biochemical markers for the immi-
nent termination of anagen and the development of catagen. 
Changes in their expression and activity may reflect two different 
mechanisms terminating melanogenesis, e.g., decreased production 
Figure 5. Changes in 00-
PAchrome tautomerase activity dur-
ing the hair cycle. DOPAchrome 
tautomerase activity assays were per-
formed according to [23]. The en-
zyme activity is expressed in ,umoles 
of DOPAchrome utilized during 1 
min per mg protein. Data represent 
the mean ± SEM from four assays. 
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Figure 6. Changes in ex-
pression of melanogenesis 
related proteins during the 
anagen-catagen transition 
phase. Proteins were sepa-
rated under nonreducing 
conditions according to a 
modification of the method 
ofLaemmli, blotted to nylon 
membranes, and immunos-
tained with Pomerantz's 
anti-tyrosinase antibody as 
shown in a (first experiment) 
and b (second experiment) or 
processed for DOPA oxidase 
activity (DO). b. Arrows, 
proteins detected by anti-
tyrosinase antibody but not 
by nonimmune serum; 66 -
68 and 80-85, molecular 
weight (kD); DO, DOPA 
oxidase; TP, tyrosinase pro-
tein. 
IMMUNOSTAIN DOPA OXIDASE 
activity of tyrosinase with anti-tyrOSinase antibody 
a 
DAY AFTER ANAGEN INDUCTION 
14 16 17 19 20 
MRP ~ ~ 80 - 85 kD 
TP ~ 66 - 68 kD 
IMMUNOSTAIN 
with anti-tyrOSinase antibody 
b 
of stimulators (mid anagen VI) and increased production of inhibi-
tors of melanogenesis (catagen). The next step in elucidating the 
control of hair pigmentation will be to identify whether locally 
produced stimulators of anagen-associated melanogenesis are 
POMC-derived peptides like MSH and adrenocorticotropin (cf. 
[5,45]) and whether melatonin is a catagen-related inhibitor of mel-
anocyte activity (cf. [5,46,47]. These concepts can further be dis-
sected, utilizing more homogeneous pharmacologically induced 
catagen [48] and the pharmacologic manipulation of follicle mela-
nogenesis in long-term "histoculture" [49]. 
We are indebted to Drs. B. M. Czametzki, J. Pawelek, and V. J. Hearing Jor 
valuable support and advice, and to Dr. M. Kusior Jor editorial/lelp. Th e assistallCe oj 
B. Handjiski and S. Eichmrtller witll preparatiotl oJPig 1 isgrateJulyacknowledged. 
This study was supported in part by a grant from Deutsche Porscllllngsgemeim-
chaft to RP (Pa 345/3-2) . 
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